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Special Weapons and Tactics (SWAT) personnel who conduct breacher exercises are at risk for 
blast-related head trauma. We aimed to investigate the potential impact of low-level blast 
exposure during breacher training on the neural functioning of working memory and auditory 
network connectivity. We also aimed to evaluate the effects of a jugular vein compression collar, 
designed to internally mitigate slosh energy absorption, preserving neural functioning and 
connectivity, following blast exposure. A total of 23 SWAT personnel were recruited and 
randomly assigned to a non-collar (n = 11) and collar group (n = 12). All participants completed a 
1-day breacher training with multiple blast exposure. Prior to and following training, 18 
participants (non-collar, n = 8; collar, n = 10) completed functional magnetic resonance imaging 
(fMRI) of working memory using N-Back task; 20 participants (non-collar, n = 10; collar, n = 12) 
completed resting-state fMRI. Key findings from the working memory analysis include 
significantly increased fMRI brain activation in the right insular, right superior temporal pole, 
right inferior frontal gyrus, and pars orbitalis post-training for the non-collar group (p < 0.05, 
threshold-free cluster enhancement corrected), but no changes were noted for the collar group. 
The elevation in fMRI activation in the non-collar group was found to correlate significantly 
(n = 7, r = 0.943, p = 0.001) with average peak impulse amplitude experienced during the 
training. In the resting-state fMRI analysis, significant pre- to post-training increase in 
connectivity between the auditory network and two discrete regions (left middle frontal gyrus 
and left superior lateral occipital/angular gyri) was found in the non-collar group, while no 
change was observed in the collar group. These data provided initial evidence of the impact of 
low-level blast on working memory and auditory network connectivity as well as the protective 
effect of collar on brain function following blast exposure, and is congruent with previous collar 
findings in sport-related traumatic brain injury. 
 







Blast-related mild traumatic brain injury (mTBI) is common among U.S. service members 
serving in the military conflicts of Iraq (Operation Iraqi Freedom) and Afghanistan (Operation 
Enduring Freedom).1–3 The injury mechanism underlying blast-related mTBI is typically more 
complicated than traditional mechanical injuries consisting of impacts or blunt force trauma. A 
blast wave is an area of expanding pressure moving outward from an explosive center. It 
normally has a front composed of compressed gases followed by a rapid area of negative 
pressure or “collapse.”4,5 Exposure to the blast overpressure shock wave often results in injury 
predominantly to the hollow organ systems such as the auditory system. It may also cause 
damage to the central nervous system due to concussion, which includes closed and open brain 
injury, stroke, and spinal cord injury. Blast waves can cause concussions or mTBI to individuals 
based on the proximity to the blast center. 
 
Blast-related mTBI is primarily caused by energy transmitted to brain tissues when the 
explosive's pressure wave passes through the skull, tissues, and/or blood vessels due to the direct 
compression of the skull or thorax. Thus, the injuries are characterized by anatomical and 
physiological changes from the initial over-pressurized force hitting the body. The results may 
include rupture of the tympanic membrane and middle ear damage, and concussion. The 
concussion is likely to be caused by the brain bouncing or twisting inside the skull. This could 
cause damage to neurons and glial cells. Blast-related mTBI also can be caused by flying debris 
(secondary mechanism) or by hitting the ground, wall, or other objects in the environment 
(tertiary mechanism). Due to the multi-faceted nature of the injury in military environments, it is 
difficult to differentiate the effect of the primary cause of blast-related mTBI on brain function 
and structure from other effects potentially caused by secondary and tertiary mechanisms of 
injury. While extensive resources have been devoted to investigating the neurological and 
pathological sequela of blast-related mTBI in humans, unpredictable combat settings make 
replicating and isolating blast-related mTBI in research settings challenging. 
 
While mTBI has received considerable attention in the media and scientific literature, the 
potential of receiving a brain injury from a blast is likely dependent on the magnitude and 
proximity of the blast and the timing and frequency of the blast exposure. The forces themselves 
range from exposures to innumerable small weapons fire to that of higher explosives, such as 
grenades, joint direct attack munitions, or much larger ordinance air blasts. An improvised 
explosive device can produce a blast overpressure of nearly 60 psi,6 and brain injury resulting 
from the blast waves can have deleterious neurological effects.7–9 
 
One group who may be particularly vulnerable to blast-related brain injuries are military 
personnel and non-military law enforcement who conduct breacher exercises.10,11 During 
training, Special Weapons and Tactics (SWAT) and military personnel position themselves at the 
edge of a “safe exposure distance” before placing and detonating a low-level explosive charge on 
either a doorway or wall. This allows personnel to avoid debris and minimize room entry time 
while creating a blast capable of disorienting and disabling a perpetrator. Therefore, SWAT 
breaching personnel constitute a unique population for studying repeated low-level blast-related 
head trauma from the primary mechanism (i.e, the blast wave), as trainees are exposed to 
explosive blasts in a controlled minimized manner that, by design, limits potential injury resulted 
from the secondary and tertiary injury mechanisms. However, it is unclear whether this 
positioning fully protects them from indirect exposure to blast waves. 
 
In order to teach and maintain skills associated with breaching, SWAT and military personnel 
are exposed to repeated low-level blasts during participation in breacher training. While these 
low-level explosions are classified as sub-concussive and may not lead to immediate brain injury 
or neurocognitive functional impairment that may warrant immediate clinical care, repetitive 
exposure to these blasts over time may have potential cumulative neurocognitive sequela. Recent 
studies have reported symptoms in breacher teams similar to those of soldiers who experienced 
stronger explosive blasts.10,11 Multiple prospective studies have attempted to evaluate the 
sequelae of primary blast injury exposure and have found significant functional and structural 
alterations in the brain networks based on examination of war veterans.12–14 Such findings have 
been mirrored in prospective studies involving military personnel who participated in breacher 
and heavy weapons training.15–17 For example, Rhea and colleagues15 found that some military 
personnel who were repeatedly exposed to low-level blasts in a single heavy weapons training 
session (exposure to two to nine blasts, all sub-concussive) showed neuromotor and 
neurocognitive performance decline after the low-level blasts exposure. Similar results were 
found in a 2-week long breacher training program with participants experiencing neurocognitive 
deficits and changes in biomarker loading following course completion.16 
 
In the present study, in addition to investigating the potential impact of exposure to repetitive 
low-level explosive blasts, a jugular vein compression collar, designed to slightly take up the 
reserve volume of the cranial spinal space and mitigate slosh by reducing the absorption of 
mechanical energy and reducing cavitation (vapor cavity bubble formation),18–22 was tested for 
its potential in mitigating the effect of blast exposure. Previous sporting impact neuroimaging 
data showed that young athletes who wore the collar demonstrated a significantly lower degree 
of pre- to post-season changes, both functionally and structurally, in comparison to those who 
did not wear the collar.23,24 We predicted that the jugular vein compression collar would provide 
similar protection for breacher trainees as has been demonstrated in animal models and recently 
in athletic populations.18,23–26 
 
In the present study, we studied a cohort of SWAT team members from local law enforcement 
who underwent a 1-day breacher training that included multiple controlled explosions. We 
compared the pre- to post-training functional magnetic resonance imaging (fMRI) of working 
memory using an N-Back task as well as changes in auditory network functional connectivity 
during a resting-state paradigm, and quantified the group difference between those who wore the 
collar versus those who did not wear the collar. Based on the data from our recent neuroimaging 
studies of sub-concussive head impacts in high school athletes,23,24 we hypothesized a significant 
post-training increase in the blood oxygen–level dependent (BOLD) signal response and 
hyperconnectivity in association with exposure to explosion (for those who did not wear the 






Twenty-three male participants (age range, 31.4 to 68.7 years, mean ± standard deviation 
[SD] = 43.5 ± 6.8 years) from a local SWAT team were enrolled for this study. Participants were 
randomly assigned to one of the two study groups: non-collar group (n = 11) and collar group 
(n = 12). All subjects provided informed consent prior to participation in the study. Primary 
exclusion criteria included history of neurological deficits, previous cerebral infarction, previous 
severe head trauma, known increased intracranial pressure, metabolic acidosis or alkalosis, 
glaucoma (narrow angle or normal tension), hydrocephalus, penetrating brain trauma (within 6 
months), known carotid hypersensitivity, central vein thrombosis, known airway obstruction, or 
seizure disorder. 
 
In the analysis of fMRI of working memory, five of the 23 participants were excluded from final 
analysis for the following reasons: missing the post-BLAST training scan due to scheduling issue 
(n = 1, non-collar group), claustrophobia (n = 1, collar group), or not following fMRI task 
instructions (n = 3, two from the non-collar group, one from the collar group). The final analysis 
included 18 participants (non-collar group, n = 8; collar group, n = 10). The demographic 
information, including age, body weight, and body mass index (BMI), are presented in Table 1. 
No statistically significant difference was found in any of these variables between the two study 
groups. For the resting-state fMRI analysis, only one participant was excluded (in the non-collar 
group, due to a scheduling issue). The demographic variables are presented in Table 1. 
 
Table 1. Demographic Information of the Participants 
  Non-collar (n = 8) Collar (n = 10) Statistics 
  Median Mean SD Range Median Mean SD Range t p 
Subject underwent N-Back fMRI N = 8 N = 10     
Age (years) 43.35 46.09 9.54 39.35–68.70 38.49 39.50 6.59 31.36–53.58 1.73 0.102 
Gender All male All male     
Weight 90.55 93.00 16.52 70.90–123.50 93.80 97.77 15.31 85.50–138.90 0.94 0.535 
BMI 29.15 29.49 4.04 22.90–35.70 28.20 29.34 4.69 25.30–41.90 1.11 0.945 
Scanner n = 4 on Achieva, n = 4 on Ingenia n = 5 on Achieva, n = 5 on Ingenia     
Subject underwent rs-fMRI N = 10 N = 12     
Age (years) 44.42 48.81 10.37 39.35–68.70 38.49 39.72 6.79 31.36–53.58 2.47 0.023 
Gender All male All male     
Weight 91.00 93.88 15.10 70.90–123.50 93.80 99.10 17.58 81.40–138.90 0.74 0.469 
BMI 29.60 29.73 3.85 22.90–35.70 28.20 29.95 5.52 25.30–41.90 0.10 0.921 
Scanner n = 5 on Achieva, n = 5 on Ingenia n = 6 on Achieva, n = 6 on Ingenia     
SD, standard deviation; fMRI, functional magnetic resonance imaging; BMI, body mass index; rs-fMRI, resting-
state functional magnetic resonance imaging. 
 
One-day breacher training 
 
All participants participated in a 1-day training (including a morning session and an afternoon 
session) of breacher training and blast exposure. The morning session involved exposures to 
three large composition explosions-4 (C4) with a stand-off distance of 25 yards in an open field 
at an outdoor police shooting range. The afternoon session involved a more complex indoor 
environment at an abandoned bank with shorter stand-off distances and many walls and irregular 
surfaces interposed between the officers. The initial sensing of blast wave energies, done before 
the onset of officer exposure, yielded a higher reflective cumulative blast wave (thought to be 
greater than expected due to the heavy walls and steel within the bank itself). Thus, the stand-off 
distance from the C4 explosive charges for the afternoon session was increased from 8 to 22 feet. 
Eleven C4 explosions in various rooms and hallways were carried out on doors and the walls 
themselves and 25 flashbangs were detonated in rooms and within the bank vault itself, all with 
SWAT team members in attendance. 
 
Instrumentation and procedures 
 
Testing sessions were completed within 48 h to the day of breaching training at both the pre- and 
post-training time-points. The testing sessions consisted of the MRI testing sequence, 
electroencephalography (EEG), audiological testing, electrophysiological testing, and 
anthropometric measurement. A separate audiological testing session also was performed on the 
same day immediately following completion of the blast exposure. On the day of the breacher 
training, subjects were outfitted with accelerometers and blast over-pressure gauges, and those in 
the collar group were fitted with the appropriately sized collar device. The results derived from 
EEG data will be reported separately and will not be included in the present study. 
 
Neck ultrasound evaluation and collar fitting 
 
At the initial fitting of the collar before the breacher training session, a registered vascular 
technologist utilized ultrasound to ensure that the proper collar and internal jugular vein (IJV) 
responses (e.g., visual evidence of IJV dilation superior to collar) occurred as prescribed. The 
participants in the collar group wore the collar for approximately 7 h on the day of the breacher 
training. All measurements, images, and video clips were acquired using a LOGIQ e-unit 
(General Electric Inc., Fairfield CT) with an ultra-high frequency L8-18i-RS linear transducer. 
 
 
Figure 1. (A). The Blast Gauge System (BlackBox Biometrics, Inc., Rochester, NY) used in 
monitoring blast pressure exposure. Photo used with permission. (B). The X Patch accelerometer 
(X2 Biosystems, Seattle, WA) used in recording linear acceleration and angular rotation for 
assessing G-force experienced during blast. Color image is available online. 
 
Head acceleration and BLAST wave monitoring and quantification 
 
Each participant was outfitted with a Blast Gauge System (BlackBox Biometrics, Inc., 
Rochester, NY) to monitor blast pressure exposure (Fig. 1A). The Blast Gauge System consists 
of three wireless pressure gauges mounted on the chest, shoulder, and head, and is designed to 
capture the peak over and under pressure and impulse (area under the pressure-time curve) of 
explosive blasts. In addition, each participant was outfitted with an X Patch accelerometer (X2 
Biosystems, Seattle, WA). The accelerometer adheres to the head just behind the ear using an 
adhesive patch (Fig. 1B). It assesses the severity of impacts by measuring three axes of linear 
acceleration and angular rotation, respectively, and converting this data to estimate the G-forces 
exposure to the head. 
 
Audiological testing and electrophysiological measurement 
 
Each participant underwent audiological testing and electrophysiological measurement, both pre- 
and post-training. The following testing was included in the study and quantified to evaluate the 
potential impact blast exposure as well as the efficacy of collar usage. 
 
Pure tone audiometry (PTA). A subjective measure of auditory acuity and is the standard used 
to determine hearing threshold levels for different frequencies. PTA determines the type, degree, 
and configuration of a hearing loss. It is a critical tool in determining any temporary threshold 
shifts after a high intensity blast or evidence of noise-induced hearing loss.27,28 
 
Distortion Product Otoacoustic Emission Testing (DPOAE). This type of Otoacoustic 
Emission (OAE) test is an objective measure of the integrity of the outer hair cell function.29 A 
normal cochlea does not just receive sound; it also produces low-intensity sounds called OAEs. 
DPOAEs are comprised of sounds emitted from the ear in response to two simultaneous tones of 
different frequencies. The response arises from the cochlea, but the outer and middle ear must be 
intact to transmit the sound back to the recording microphone to pass. Repeated high intensity 
noise exposure can compromise the outer hair cells, eventually resulting in cochlear dysfunction 
and hearing loss. DPOAEs provide early “warning signs” of these compromised hair cells, even 
when PTA reports normal hearing.28 
 
Auditory Brainstem Response (ABR). An objective measurement of synchronous neural 
function in response to auditory (click and tone pip) stimuli. An ABR is not a hearing test; rather, 
it is an electrophysiological measurement used in conjunction with audiologic measures to 
identify any neurological abnormalities along the auditory nerve through the brainstem.30,31 
 
MRI data acquisition 
 
Magnetic resonance scanning was conducted on either a Phillips 3T Achieva scanner or a 
Phillips 3T Ingenia scanner (Philips Medical Systems, Best, the Netherlands). The Achieva 3T 
and the Ingenia 3T scanner were equipped with a SENSE 32 channel head coil and dStream 32 
channel head coil, respectively. The number of participants scanned on the two scanners 3T 
scanner is presented in Table 1. Each participant was scanned on the same scanner for both MRI 
sessions. 
 
A single shot echo-planar imaging sequence was used for N-Back fMRI data acquisition with the 
following specifications: repetition time/echo time = 2000/35 msec; flip angle = 90°; 160 
dynamic scans; field of view = 240 × 240 mm; image acquisition and reconstruction 
matrix = 64 × 64; 36 axial slices; resolution = 3.75 × 3.75 × 5.0 mm. Similar acquisition 
parameters were used in the resting-state fMRI data acquisition except that the number of 
dynamic scans was set to 150 and the scan was repeated twice. A high resolution (1 mm 
isotropic) three-dimensional (3D) T1 weighted sequence was used to for image registration. In 
addition, the susceptibility weighted imaging (SWI), diffusion tensor imaging (DTI), and high 
angular resolution diffusion imaging (HARDI) were also included in the magnetic resonance 
protocol. A board-certified neuro-radiologist evaluated the 3D T1-weighted images and the SWI 
data for potential incidental findings. The DTI and HARDI data will be analyzed and reported 
separately. 
 
N-Back working memory fMRI paradigm 
 
All participants performed a verbal working memory N-Back task at both the pre- and post-
training fMRI sessions. The N-Back task was for N = 0 and N = 2. The fMRI paradigm consisted 
of five cycles of fixation (12 sec), 0-Back (26 sec), and 2-Back (26 sec) periods. During the 0-
Back period, a series of letters, including A, B, C, D, and O, was presented successively in a 
random order. Participants were instructed to press a hand-held button when the letter “O” was 
presented. During the 2-Back task period, a series of letters, including A, B, C, and D, were 
presented successively in a random order. The participants were instructed to press a button 
when a letter shown was the same as the letter presented two trials back. The details of the fMRI 
experimental paradigm have been described elsewhere.32 
 
Resting-state fMRI paradigm 
 
Each scan session included two sequential 5-min acquisitions of resting-state fMRI during which 
a fixed white cross (+) was displayed on a black background. Participants were instructed to lie 
still with their eyes open and looking at the cross but were not instructed to focus their thoughts 




Analysis of fMRI of working memory was performed using the FSL (fMRI of the Brain 
Software Library; www.fmrib.ox.ac.uk/fsl) and AFNI (Analysis of Functional Neuroimages) 
software package. The first level fMRI data processing pipeline included reorientation, brain 
extraction, slice timing correction, alignment, outlying frame identification, and normalization to 
Montreal Neurological Institute (MNI) 152 template. Motion artifacts in fMRI data were 
regressed out of using a 24 parameter33 motion parameters along with an additional parameter for 
each outlying volume. The residuals from the motion regression were then bandpass filtered 
from 0.01 to 0.1 Hz and smoothed with a 6 mm (full width at half maximum) Gaussian filter 
using AFNI's 3dBandpass. FSL's mixed effect model (FMRIB's Local Analysis of Mixed 
Effects, FLAME) was used to generate the 2-Back versus 0-Back contrasts. 
 
The second level analysis included generating the group activation map for the N-Back task, 
testing the pre- to post-training change in the brain activation, testing the group difference of the 
longitudinal change, as well as correlation analysis with blast exposure and working memory 
task performance. The group activation map for the 2-Back versus 0-Back contrast across all 
participants from both study groups at baseline was calculated using FSL's FLAME mixed effect 
model (model 1) based on the contrast and variance images from individual subjects. A gray 
matter mask based on FSL's standard space population gray matter tissue prior image 
(avg152T1_gray.nii) was created using an intensity threshold of 50 and used to limit the regions 
of brain activation to gray matter. The threshold-free cluster enhancement (TFCE) was used with 
5000 permutations to account for multiple comparisons.34 The within-group longitudinal fMRI 
changes between pre- and post-training sessions and the group difference of this longitudinal 
change also were processed and analyzed in FSL using FLAME with multiple comparisons 
corrected (TFCE with 5000 permutations). 
 
Several variables, including age, BMI, body weight, and scanners, were individually tested for 
potential confounding effect in the group comparison analysis. None of these variables, however, 
showed significant effect in the initial test and were thus not included in subsequent analyses. 
For the correlation analysis, we first calculated the difference in the pre- and post-training Z 
maps from the brain areas that presented significant within-group difference in fMRI brain 
activations in the non-collar group. The pre- to post-training difference in Z-statistics were then 
extracted and used to correlate with blast exposure based on Pearson correlation analysis. 
 
Analysis of resting-state fMRI was performed using Statistical Parametric Mapping 
(http://www.fil.ion.ucl.ac.uk/spm) and CONN (https://www.nitrc.org/projects/conn) software 
packages. Spatial preprocessing of functional images included realignment and unwarping, 
normalization to the MNI 152 template, and smoothing (8 mm Gaussian kernel). Functional data 
were temporally denoised via: regression of the top five principle components of the signal from 
voxels identified as white matter and cerebrospinal fluid, regression of the zero- and first-order 
derivatives of the three rotational and three translational realignment parameters, scrubbing of 
motion contaminated frames (framewise composite motion >1 mm and/or global mean signal Z 
> ± 6), and band-pass filtration (0.008–0.09 Hz). Two regions of interest corresponding to the left 
and right auditory cortices were taken from functionally derived literature definitions.35 Pre- and 
post-training resting-state BOLD time series data were extracted from these regions of interest 
(ROIs) for all subjects (n = 22). First-level (subject-specific) seed-to-voxel connectivity maps 
were calculated using Pearson correlation coefficient between each ROI's average signal and the 
BOLD signal from each voxel. Fisher's z-transformation is applied to this correlation to be used 
in subsequent analyses. Group-level statistical analyses were conducted using cluster-level 
inferencing (voxel height p < 0.001, cluster p < 0.05 false discovery rate [FDR]) on these 
connectivity maps. We examined the pre- to post-training change in connectivity within each 
study group and the group difference of this pre- to post-training connectivity change. 
Additionally, we tested these changes in right and left auditory cortex connectivity for 
associations with 1) changes in audiological testing results and 2) level of blast exposure as 






As shown in Table 1, the age of the 18 participants who were included in the final N-Back fMRI 
analyses ranged from 31.36 to 68.70 years (median: 40.13 years, mean ± standard deviation 
[SD]: 42.43 ± 8.47 years) at pre-training. No significant group difference in age at pre-training 
imaging was noted between the non-collar group (46.09 ± 9.54 years) and the collar group 
(39.50 ± 16.59 years, p = 0.102). The two study groups also were comparable in body weight and 
BMI. Blood pressure readings obtained with an automatic digital read-out forearm cuff showed 
no significant pre- to post-training change at p < 0.05 in systolic pressure, diastolic pressure, or 
pulse pressure in either the non-collar or collar group. For the resting-state fMRI analyses, 22 
participants were included (median: 40.83 years, mean ± SD: 43.85 ± 9.57 years). The non-collar 
group (n = 10) was older than the collar group, with statistical significance (p = 0.02, Table 1). 
Similarly, no significant pre- to post-training blood pressure change at p < 0.05 was observed in 
either study group. 
 
Exposure to the blast explosive waves during the breacher training 
 
The number of blast explosive waves recorded for each participant ranged from one to 12 (Table 
2). No significant differences were observed for the number of blast explosions, stand-off 
distance, the average peak pressure, or the total impulse between the two groups (all p > 0.05). 
 
Table 2. Blast Explosive Waves Experienced during the Training 
  Non-collar group Collar group Statistics 
  Median Mean SD Range Median Mean SD Range t(df) p 
Subject underwent N-Back fMRI N = 7 N = 9     
Number of blasts 4 4.29 2.06 2–7 3 4.11 3.37 1–12 0.12(14) 0.906 
Average peak pressure (psi) 1.91 1.99 0.41 1.51–2.53 1.75 1.67 0.44 0.87–2.36 0.15 (14) 0.165 
Total impulse (psi*msec) 8.12 7.67 3.31 3.19–12.04 6.38 6.58 4.19 2.18–15.37 0.56(14) 0.581 
Subject underwent rs-fMRI N = 9 N = 10     
Number of blasts 4.00 4.00 2.12 1–7 3.50 4.20 3.19 1–12 0.16(17) 0.875 
Average peak pressure (psi) 1.69 1.81 0.53 0.94–2.53 1.71 1.67 0.42 0.87–2.36 0.62 (17) 0.544 
Total impulse(psi*msec) 7.98 6.95 3.66 0.87–12.04 6.53 6.90 4.08 2.18–15.37 0.02(17) 0.982 
SD, standard deviation; fMRI, functional magnetic resonance imaging; rs-fMRI, resting-state functional magnetic 
resonance imaging. 
 
Audiological testing results 
 
The dB difference between the distortion product emission and the noise floor amplitudes (DP-
NF) at both pre and post-training was calculated at a series of frequency (including 2000, 3000, 
4000, 6000, and 8000 Hz) for each participant. The descriptive statistics of the pre- to post-
training changes for each group and the statistical significance of the group difference are 
summarized in Table 3. There was a significant group difference in the pre- to post-training 
change in DP-NF at 4000 Hz in the right ear (p = 0.01). This group difference did not remain 
statistically significant after controlling for multiple comparisons. There was no significant group 
difference in the change in DP-NF at any other frequency level. 
 
The two study groups also were comparable in the pre- to post-training change in the PTA and 
ABR testing (all p > 0.05). A more detailed analysis of the pre- and post-audiological and 
electrophysiological testing will be reported in a separate article. 
 
Table 3. Pre- to Post-Training Change in the DP-NF Value (the DB Difference between the Distortion 
Product Emission and the Noise Floor Amplitudes) 
  Non-collar Collar Statistics 
  Median Mean SD Range Median Mean SD Range t p 
2000 Hz, R 1.15 0.64 3.61 05.6–5.4 1.15 0.98 5.10 −7 ∼ 10.4 0.178 ns 
2000 Hz, L 2.35 −0.5 6.91 −15.7–5.7 3.8 1.64 6.91 −9.7–14.9 0.724 ns 
3000 Hz, R −1.3 −1.44 6.47 −10.9 ∼ 10.5 2.6 5.15 11.36 −18.8 ∼ 24.4 1.624 ns 
3000 Hz, L 0.3 −1.29 10.42 −20.0 ∼ 16.0 3.8 2.81 10.28 −18.2 ∼ 19 0.926 ns 
4000 Hz, R −1.85 −2.01 6.85 −16.4 ∼ 10.2 4 5.63 6.48 −3.4 ∼ 17 2.68 0.01 
4000 Hz, L 1.25 2.57 6.50 −6.6 ∼ 13.6 2.05 1.54 7.57 −13.1 ∼ 13.3 0.739 ns 
6000 Hz, R −2.75 −1.29 8.88 −16.5 ∼ 14 4.2 1.93 10.40 −12.8 ∼ 22.4 0.772 ns 
6000 Hz, L 3.55 3.55 9.24 −12.4 ∼ 21.3 −0.25 −1.68 9.60 −22.1 ∼ 9.4 1.293 ns 
8000 Hz, R 0.15 1.54 12.52 −18.3 ∼ 22.3 1.15 1.43 6.97 −11.8 ∼ 9.4 0.025 ns 
8000 Hz, L 2.75 4.23 9.61 −7.8–20 −2.55 1.13 12.21 −12.8 ∼ 25.1 0.651 ns 
DP-NF, distortion product emission-noise floor amplitude; SD, standard deviation; R, right; ns, non-significant; L, 
left. 
 
fMRI N-Back task performance 
 
The two study groups were comparable in fMRI task performance during both fMRI sessions 
(all p > 0.05; Table 4). No significant longitudinal pre- to post-change was found in accuracy or 
response time in either study group (all p > 0.05). 
 
Table 4. fMRI N-Back Task Performance 
  Pre-training Post-training Statistics 
  Median Mean SD Range Median Mean SD Range t p 
0-Back, non-collar, n = 8                     
Accuracy 0.988 0.987 0.005 0.975–1.000 0.988 0.984 0.014 0.925–1.000 0.84 0.41 
Response time (msec) 452.0 465.8 50.65 367.9–586.1 470.5 476.0 66.2 386.1–622.9 0.86 0.40 
0-Back, collar, n = 10                     
Accuracy 0.988 0.989 0.006 0.975–1.000 0.988 0.988 0.008 0.965–1.000 0.54 0.59 
Response time (msec) 474.8 473.7 54.6 368.7–588.0 458.4 460.5 52.4 367.6–588.0 1.39 0.18 
2-Back, non-collar, n = 8                     
Accuracy 0.976 0.966 0.030 0.905–1.000 0.976 0.974 0.020 0.934–1.000 1.20 0.24 
Response time (msec) 508.3 523.1 96.0 375.8–713.9 508.1 511.5 68.2 390.7–612.7 0.84 0.41 
2-Back, collar, n = 10                     
Accuracy 0.976 0.968 0.030 0.887–1.000 0.976 0.965 0.033 0.853–1.000 0.43 0.67 
Response time (msec) 498.3 520.1 87.6 366.3–754.3 469.6 504.9 115.1 352.6–846.5 0.79 0.44 
fMRI, functional magnetic resonance imaging; SD, standard deviation. 
 
fMRI brain activation of N-Back working memory 
 
Figure 2 presents the brain regions where the fMRI BOLD signal was significantly higher during 
the performance of the N-Back tasks (composite Z-score map, 2-Back >0 Back) in the entire 
cohort (n = 18) at the pre-BLAST training fMRI session. The significant activation (increased 
BOLD signal during 2-Back when compared with 0-Back) were found in a series of bilateral or 
unilateral anatomical loci that are known to be involved in the fMRI of working memory using 
N-Back task. No significant differences in fMRI BOLD signal at baseline were found between 
the non-collar and collar groups (p > 0.05, TFCE corrected). 
 
 
Figure 2. Composite Z-score maps of brain activation during the pre-blast training N-Back 
functional magnetic resonance imaging in the entire sample (n = 18, Z > 3, p < 0.01, corrected).  
 
 
Figure 3. Brain regions with statistically significant pre- to post-blast training increase N-Back 
working memory brain activation in the non-collar group (n = 8; p < 0.05, corrected). No 
statistically significant change between pre- and post-blast training was found in any brain 
regions in the collar group (n = 10). 
 
Longitudinal pre- to post-training change and the group d + 9ifference of the change in fMRI 
brain activation of N-Back working memory 
 
Figure 3 presents the composite p value map for brain regions within the non-collar group that 
showed significantly stronger activation (p < 0.05, TFCE corrected) for the 2-Back >0-Back 
contrast at the post-BLAST training fMRI session compared with the pre-BLAST training. The 
significant regions included the right insular, right superior temporal pole, right inferior frontal 
gyrus, and pars orbitalis. No significant pre- to post-BLAST training change was found in the 
collar group. Using the collar group as the reference, significantly larger pre- to post-BLAST 
training increase in brain activation also was found in the right insular, right superior temporal 
pole, right inferior frontal gyrus, and pars orbitalis (Fig. 4). The total volume of brain regions 
with significant group difference was 3648 mm3, equivalent to approximately 52 voxels at the 
original resolution of data acquisition. 
 
 
Figure 4. Brain regions with significantly greater pre- to post-blast training increase in activation 
in the non-collar group (n = 8) than collar group (n = 10; p < 0.05, corrected). The volume of the 
brain regions with significant group difference was 3648 mm3, which is equivalent to 
approximately 52 voxels at the original resolution of data acquisition 
(3.75 mm × 3.75 mm × 5 mm).  
 
Association between the longitudinal change in brain activation of N-Back working memory and 
BLAST exposure 
 
A significant correlation was found between the change in brain activation and the average peak 
pressure recorded from the head sensor in the participants in the non-collar group 
(r = 0.943, n = 7, p = 0.001; Fig. 5A). No statistically significant association was found between 
the average peak pressure and the pre- to post-BLAST training change in brain activation in the 
collar group (r = 0.380, n = 9, p = 0.37; Fig. 5B). No significant correlations were found between 
the number of blast explosions or the total impulse and the pre- to post-BLAST training change 
in brain activation in either of the two study groups (all p > 0.05). 
 
 
Figure 5. Significant correlation between pre- to post-blast training change in blood oxygen–
level dependent activation and the average peak impulse recorded at the head location in the non-
collar group (r = 0.943, n = 7, p = 0.001). 
 
Auditory network connectivity change and audiological testing outcomes 
 
Prior to blast exposure, seed-to-voxel connectivity patterns showed no differences between the 
two groups for either the left or right primary auditory cortex. Following blast exposure, we 
observed hyperconnectivity (relative to baseline) in the non-collar group (n = 10) between the 
left primary auditory cortex and two discrete clusters in the left middle frontal gyrus 
(cluster p = 0.008 [FDR corrected], Δβ = 0.19, 1.54 cm3 in volume) and left superior lateral 
occipital/angular gyri (cluster p = 0.019 [FDR corrected], Δβ = 0.15, 1.05 cm3 in volume), 
respectively (Fig. 6). No significant pre- to post-training changes in connectivity were observed 
in the collar group between either the left or right auditory network and any other region of the 
brain. When comparing the group difference, there were no significant differences in changes of 
connectivity between the two study groups. 
 
 
Figure 6. (A) Patterns of hyperconnectivity after blast exposure observed in the non-collar 
group. Changes in connectivity were compared using seed-to-voxel analyses with the left 
auditory cortex (green, as defined by Shirer and colleagues)35 as a seed. Two clusters had 
significant increases in connectivity (shown in red; voxel height p < 0.001, cluster p < 0.05 false 
discovery rate): in the left middle frontal gyrus (MFG) centered at Montreal Neurological 
Institute (MNI) coordinates [−38, +10, +44] and in the left superior lateral occipital 
cortex/angular gyri (slOC/AG) centered at MNI coordinates [−52, −60, +28]. (B) Subject-wise 
distribution of pre- to post-exposure changes in connectivity for these two clusters. Color image 
is available online. 
 
To exclude the potential confounding effect of age difference between the two groups, we tested 
and found that there is no correlation in the non-collar group between age and the observed 
changes in connectivity of either cluster (these correlations have r2 values of almost 0 
and p values of ∼0.6–0.7). Age also was tested as a covariate of no interest in the second-level 
seed-to-voxel analysis; the only effect is a small shrinkage in the size of our significant clusters 
(due to the loss of a degree of freedom). Therefore, all the results related to resting-state fMRI 
connectivity were based on analysis without age as a covariate. 
 
We performed post hoc testing to evaluate associations between audiological and 
electrophysiological testing outcomes and the non-collar group's significant clusters of 
hyperconnectivity. Controlling for multiple comparisons, linear regression analyses revealed no 
significant association for either cluster with pre- to post-exposure changes in DPOAE, PTA, or 
ABR, although the latter of these measures showed some consistency in their correlations with 
connectivity changes based on uncorrected statistical significance values (Supplementary Table 
1; see online supplementary material at http://www.liebertpub.com). Although these clinical 
results show insignificant association, it contributes to previous evidence of “hidden hearing 
loss” specifically in the military population. Gallun and colleagues36 found 60% of veterans 
sampled with previous blast exposure and near normal PTAs, reported moderate-to-severe 
hearing handicap that affected their daily lives. This is further confirmation that blast exposure 
can affect beyond the brainstem, which cannot be detected in routine peripheral audiologic tools. 
Cortical late potentials, including Mismatching Negativity and P300, as well as auditory 
processing assessment, are necessary to diagnose higher-level cortical and subcortical 
involvement after a blast injury.36,37 
 
Association between the auditory network connectivity change and blast exposure 
 
In the non-collar group, peak pressure was positively correlated with changes in connectivity 
between the right primary auditory cortex and the right pre- and post-central gyrus (Fig. 7A, 7B). 
In the collar group, total impulse was negatively correlated with changes in connectivity between 
the left primary auditory cortex and the medial frontal pole/paracingulate gyrus (Fig. 7C, 7D). 
Total impulse also was negatively correlated with changes in connectivity between the right 
primary auditory cortex and two clusters in the paracingulate gyrus and posterior corpus 
callosum (not shown in figure). No significant group difference was found in associations 
between auditory network connectivity change and blast exposure. 
 
 
Figure 7. Seed-to-voxel analyses were used to test associations between blast exposure and 
changes in connectivity. (A) In the non-collar group, patterns of connectivity changes were 
positively associated with peak pressure for the connection between the right primary auditory 
cortex and a cluster in the right central sulcus (centered at Montreal Neurological Institute [MNI] 
coordinates [+56, −8, +44]). (C) for the collar group, we observed a negative association 
between changes in left primary auditory cortex-frontal pole (MNI [+0,+56,+8]) connectivity and 
blast exposure as measured by total impulse. (B)and (D) show these associations for the non-




In the present investigation, we studied a cohort of SWAT personnel who underwent a 1-day 
training of breacher exercises with low-level blast exposure in a controlled environment. We 
aimed to investigate the potential impact of low-level blast exposure on the neural functioning of 
working memory and auditory network connectivity. We also aimed to test whether a jugular 
vein compression neck collar device can help ameliorate the potential changes in response to the 
blast exposure. As hypothesized, significant pre- to post-training elevation in fMRI brain 
activation of working memory and increase in connectivity to the auditory network based on 
resting-state fMRI were found in the non-collar group but were not in the collar group. In 
addition, we also found significant correlation between the increase in the BOLD signal of 
working memory and the blast exposure. 
 
Functional MRI of working memory using the N-Back task has been applied frequently in 
studying the functional integrity of brain networks in patients with traumatic brain injury varying 
in injury severity,38–44 as well as in athletes in contact sports with concussive45–48 or repetitive 
sub-concussive head impacts.32,49–52 With a few exceptions, most studies demonstrated stronger 
BOLD signal in response to working memory task after the TBI.32,38,39,43,44,46–48,53 To our 
knowledge, the application of fMRI for blast-related head trauma is emerging, but still 
limited.54 Several studies have investigated patients with chronic blast-related mTBI focusing on 
different functional domains, including executive function, visual spatial functions, or emotional 
processing.55–58 However, we are aware of only one recent neuroimaging study that used fMRI of 
working memory based on N-Back task in conjunction with head trauma from repeated low-level 
blast exposure.59 Carr and colleagues59 investigated the change in activation during an N-Back 
task in acute or semi-acute stage (all within 1 week) in military personnel who underwent a 2-
week breacher training. A significant increase in brain activation after the training was found in 
the instructor group but not in the student group, despite the comparable “dosage” of blast 
exposure during the study. Carr and colleagues59 interpreted the elevated brain activation as 
being necessary to compensate for the potentially affected neurons in order to maintain the level 
of task performance. Carr and colleagues further attributed group differences to the higher level 
of exposure in the instructors who underwent the same type of breaching training (as instructors) 
multiple times every year prior to the participation of the study. The findings of increased BOLD 
signal post-training in the instructor group were congruent with previous studies of patients with 
TBI and athletes with concussion and/or sub-concussive head impacts.20,44,46,59,60 
 
Contrary to the negative findings in the student group in Carr's study, the non-collar group in the 
present study demonstrated elevation with statistical significance in brain activation after only 
one day of breaching training. One explanation for this this difference is blast type and 
frequency. The non-collar group in the present study experienced two to seven explosion blasts, 
with peak pressure ranging from 1.51 to 2.53 psi. For comparison, the participants in Carr and 
colleagues study all experienced 40 blasts, with peak pressure ranging from 0.1 to 13.0 psi (61% 
<1 psi, 4%> 4 psi). It is not clear whether these differences contributed to the discrepancy in 
fMRI findings. Other potential factors, including the difference in the length of training and the 
interval between the training and imaging, also may contribute to our differing findings. 
 
Functional connectivity analyses using resting-state fMRI presents a double-edged sword: 
Measuring the correlation of BOLD signals from any two brain regions over time enables a 
granular interrogation of functional networks, but that same quality markedly increases the 
number of null hypotheses available for testing. Consequently, in order to retain statistical 
power, we limited our connectivity analyses to seed-to-voxel changes related to the primary 
auditory network. We chose this network due to the nature of the blast exposure to which our 
participants were subjected and the associated audiological testing data we acquired. The 
hyperconnectivity exhibited by the non-collar group is consistent with findings from numerous 
resting-state fMRI studies of TBI.61–66 A recent review by Hillary and Grafman67 posits that such 
hyperconnectivity reflects a re-establishment of network communication via the recruitment of 
“detour” paths.68 Our findings of positive correlations between connectivity changes and blast 
exposure in the non-collar group can be similarly explained by this mechanism; greater exposure 
would tend to result in a greater degree of injury and promote hyperconnectivity. However, the 
negative correlations between connectivity changes and blast exposure observed in the collar 
group cannot be understood within this framework. Notably, within the collar group, these 
associations were primarily driven by those with the lowest exposure exhibiting 
hyperconnectivity rather than those with the most exposure exhibiting decreased connectivity. 
 
While the lack of overall hyperconnectivity and lack of positive associations in the collar group 
may be taken as evidence of a protective effect of the device, the negative correlations present a 
curious anomaly that warrants further investigation. In addition, it is noted that the working 
memory changes based on N-Back fMRI are in the right hemisphere whereas the findings based 
on changes derived from resting-state fMRI are in the left hemisphere. It may be attributed to the 
possibility that the lack of an acoustic component to any subvocal rehearsal effected by the 
participants would be expected to rule out observation of changes in activity associated with 
possible peripheral auditory pathway alterations. The resting-state fMRI network connectivity 
analysis is more likely to detect alterations in spontaneous rate of the peripheral system, whereas 
the working memory tasks should not differentially affect this activity. 
 
In the present study, we term “low-level” to describe blasts that are sub-concussive in nature. 
Our study was designed to standardize and normalize exposures to explosive blasts while 
keeping the SWAT teams at a safe distance to ethically minimize damage, as blast overpressure 
can rupture eardrums, induce lung damage, and potentially be fatal.69,70 The measured blast over 
pressure in the present study was in the range of 0.87–2.53 psi (1.51–2.53 psi in the non-collar 
group)—well under the safety protocol developed in United States military which requires any 
single blast event in a controlled training environment to be under 4 psi.71,72 Therefore, despite 
being well below the threshold of the maximum blast pressure that could ethically be induced on 
our participants, we still found significantly increased brain activation in the non-collar group. 
Further, the pre- to post-training increase in brain activation was highly correlated with the peak 
pressure from the explosive blast, albeit the participants only experienced two to seven blasts 
with a range of 1.51 to 2.53 psi. 
 
In this study, we also demonstrated that brain-level changes occurred from the repeated low-level 
blasts that were not observable with a common neurocognitive performance test based on 
accuracy or response time. Comparable task performance along with significant alteration in 
fMRI BOLD signal has been reported in some previous neuroimaging studies of TBI or sports 
related concussion.40,73–75 It is unclear whether ceiling effect from the 2-Back task selected in the 
present fMRI study contributed to the absence of performance change. The relation between the 
fMRI BOLD signal change and the task performance remains to be further investigated in future 
studies of the influence of exposure to low-level blast in breacher training. 
 
The jugular compression collar is a novel approach designed to mitigate hydrodynamic energy 
absorption (coined by NASA in the 1960s as “slosh”) and thus the change in brain function and 
structure against insults from repetitive sub-threshold head impacts. The mechanical energy 
imparted by blast waves should be similar to concussive impacts that cause linear, rotational, and 
angular movement in the cranial fluids and the brains of contact sport athletes (i.e., slosh). 
Elastic collisions (as opposed to in-elastic collisions) are those in which there is no net loss in 
kinetic energy in the system as a result of the collision. Both momentum and kinetic energy are 
conserved quantities in elastic collisions. Colliding conditions that promote the end result of 
elastic-type collisions include 1) hard, non-distensible surfaces (as opposed to freely moving 
liquids) and 2) cross-bridging. Tissues of differing densities and molecular bonding would be 
expected to absorb mechanical forces (blast) at different rates. 
 
Macroscopically, inhibition of fluid movement and thus mitigation of vapor cavities by “taking 
up the reserve compliance” of the cranium, would be expected to reduce any mechanical force 
absorption in a similar manner to airbags and seat-belts. In turn, microscopically, energy 
absorption into chemical bonds, electrostatic forces, and even Van der Waals forces could all be 
reduced by providing for an environment that promotes elastic collisions. Since both injuries are 
derived from a comparable category of mechanical energy, we expect that both injuries could 
potentially be mitigated in a similar fashion (slosh abatement). The collar produces a gentle 
back-filling of the intracranial compensatory reserve volume (“expandable space”) in the venous 
cerebrovascular tree by impeding low resistance jugular vein flow and diverting flow to the 
many alternative higher resistance venous drainage pathways (e.g., venous capacitance vessels). 
This may limit differing density cranial contents from accelerating and decelerating at different 
rates and directions (i.e., slosh). Further, as a possible mechanism, we postulate that if cavitation 
events are present during blast exposure,20–22 then confining the space that fluids can move away 
from each other (i.e., slosh reduction) should reduce the ability of vapor cavities from forming 
and imploding. 
 
With regard to the potential safety concerns for the jugular compression effects on intracranial 
pressure, it is noted that the jugular compression has been studied for more than 100 years since 
1916 when Queckenstedt first compressed the jugulars on the battlefield while a spinal needle 
was in place and the measured mild rise in intracranial pressure (ICP) gave forth to the maneuver 
that carries his name.76 Common fashion neckties77 raise ICP as do cervical collars,78 and the 
mere act of lying down raises ICP to a greater level than jugular compression is known to. In a 
previous study of rats79 subjected to the Marmarou Protocol, intracranial bolts measured a mild 
(1–3 mm Hg) rise in ICP of the rats as expected with the internal jugular vein compression. 
Further our study of swine80 includes ICP monitoring as well with the same general mild rise. 
We have never observed the ICP to rise out of the normal physiological range (that occurs 
throughout a person's normal day) and in fact, activities of cough, sneeze, and Valsalva raise the 
ICP far in excess of jugular compression achieved with the collar device employed in the current 
investigation and it appears that in any given subject. As in any study of a newly discovered 
physiology, we have monitored closely for adverse events of long-term collar wear. To date we 
have not noted adverse responses to extended collar wear. 
 
Initially assessed in contact sports, the collar device has demonstrated a potential protective 
effect in athletes, as evidenced by studies evaluating pre- to post-season changes in fMRI BOLD 
signal of working memory and DTI measures23,24,32 While the exact mechanism of the protective 
effect of the jugular compression collar is not completely understood, it is presumed to cause 
changes in relative intracranial CSF and cerebral venous volumes, alter brain stiffness, and 
subsequently decrease relative brain movement (slosh) with head impacts.6,13,15 In the current 
study, we hypothesized a similar mechanism for mitigation of blast wave impacts to which our 
military and tactical service members are exposed. In line with the observations in the fMRI 
studies of working memory using N-Back task in high school athletes in both male football and 
female soccer,32,81 the jugular vein compression collar device showed a similar effect in 
ameliorating the pre- to post-training changes in brain activation. 
 
While no prior study has been conducted based on resting-state fMRI of auditory network 
connectivity to investigate the collar device's mitigating effect in hearing impairment after blast 
exposure, the potential for hearing impairment within the repetitive head impacts arena and the 
natural world is well known, as reflected in the literature in as early as 1923, and beyond that is 
associated with falls and deafness.82,83 Jugular compression redirects the flow from the high 
volume, low-resistance jugular system to the higher resistance paravertebral veins, causing them 
to dilate with a presumed secondary effect on pressure and volume in the cranial venous sinuses. 
This increase in intracranial volume can be transmitted from the intracranial space to the inner 
ear84 that should result in a slight increase in inner ear pressure and volume. Adding more fluid 
volume into an enclosed space should affect the amount of relative movement for the structures 
within that volume and thus can potentially generate a protective effect preventing the fragile 
haircells from damage resulted from blasts. 
 
The small sample size is a major limitation in the current study. Although the results are in line 
with our working hypotheses, the findings from the present study should be regarded as 
preliminary in nature. The lack of longitudinal follow-up after the post-training testing is also a 
limitation. The post-training testing was performed within 2 days after the 1-day breacher 
training, which can be considered as an acute stage. Based on both literature and our own 
studies, the temporal profile of abnormality based on fMRI and/or DTI may vary between acute, 
subacute, and chronic stages. It would be important in future studies to investigate the temporal 
progression of the changes observed at acute stages and test whether it is just a transient change, 
or whether it will persist for a long period and lead to symptoms that require clinical attention. 
 
The lack of detailed history of blast exposure is another limitation. The two study groups were 
comparable at baseline in body weight, BMI, fMRI brain activation, and the N-Back task 
performance, with all these variables potentially associated with the history of blast exposure. 
However, the non-significant differences between the two groups in these measures helped to 
minimize systemic bias before the training started. The significant group difference in age at 
baseline in the analysis of auditory network connectivity is another limitation although the effect 
of age was tested and ruled out analytically as a significant confounder. It is unknown if the 
history of blast exposure predisposed the brain networks to be more vulnerable for future insults 
(such as the explosive blasts occurred during the training), which may have influenced our 
comparisons. 
 
In addition, although there was a DPOAE difference at 4k Hz in the right ear, in the absence of 
evidence that most of the blasts occurred to the right of the participants and in the presence of 
positive evidence that the non-collar group was older (and thus likely to have reduced lability of 
the basilar membrane), attributing the preclusion of hearing impairment to the protective effect in 
the context of resting-state fMRI need further supporting evidences from future studies. In 
summary, the preliminary findings in the present study need to be replicated and verified in 





In conclusion, these data represent the first known efforts to mitigate the damaging effects of 
low-level repeated blast overpressures on brain function for working memory and auditory 
network connectivity. Despite relatively sparse number of explosive exposures (and a small 
average peak psi magnitude), we were able to demonstrate alterations of the brain that were 
statistically significant in the non-collared group but were absent when wearing the collar. We 
believe this lends support to previous studies using jugular compression to stave off the potential 
damaging effects of sport TBI and indicates that further study into this novel mechanism to help 




The authors would like to thank Hamilton County Police Association (HCPA) SWAT. We 
appreciate their patience with the testing scheduling, follow-ups, and equipment additions. Their 
enthusiastic support made this study possible. We would like to thank Chief David Schaefer, 
SWAT Commander; Sheriff Jim Neil, Hamilton County Sheriff; and Chief Charles R. Lindsey, 
HCPA president for their help in obtaining approval for the study; we would also like to thank 
Interim SWAT Commander Tim Chin for helping to coordinate the entire study protocol. Special 
acknowledgement goes to SWAT Medical Directors, Dustin J. Calhoun, MD, and Edward Otten, 
MD, and Hamilton County Medical Director Lakshmi Kode Sammarco, MD. Without their time, 
commitment, and passion for the health and well-being of their team members, this study would 
not have been possible. We also thank Chief Jim Puthoff, Liaison to HCPA, who supported and 
presented the research ideas to the SWAT that allowed for the initial discussions to medical 
directors. We would also like to thank James P. Bailey, Evans Demolition/Excavation Division, 
who helped secure the bank for explosive breach training. We also thank the Bomb Explosive 
Ordnance Disposal Technicians Brad Justice and Steve Luensman who coordinated the explosive 
training and helped ensure the safety of both SWAT members and the research team. Lastly, the 
authors would like to thank Lacey Haas, Brynne Williams, Kaley Bridgewater, and Matt Lanier 
in the Imagine Research Center as their support made this study possible. The authors 
acknowledge funding support from Q30 Sports Innovations, LLC. 
 
Author Disclosure Statement 
 
David Smith is the inventor of the Q-Collar approach and has financial interest in the results of 




1. Defense and Veterans Brain Injury Center. (2015). DoD worldwide numbers for 
TBI. http://dvbic.dcoe.mil/dod-worldwide-numbers-tbi. Last accessed August 27, 2018.  
 
2. Hayward P. (2008). Traumatic brain injury: the signature of modern conflicts. Lancet Neurol. 
7, 200.  
 
3. Warden D. (2006). Military TBI during the Iraq and Afghanistan wars. J. Head Trauma 
Rehabil. 21, 398–402.  
 
4. Elsayed N.M. and Gorbunov N.V. (2006). Pulmonary biochemical and histological alterations 
after repeated low-level blast overpressure exposures. Toxicol. Sci. 95, 289–296.  
 
5. Weibull H.R. (1968). Pressures recorded in partially closed chambers at explosion of TNT 
charges. Ann. N. Y. Acad. Sci. 152, 357–361.  
 
6. Chandler C.D.W. (2006). Blast-related ear injury in current US military operations: role of 
audiology on the interdisciplinary team. ASHA Lead. 11, 8–29.  
 
7. Schwartz I., Tuchner M., Tsenter J., Shochina M., Shoshan Y., Katz-Leurer M., and Meiner 
Z. (2008). Cognitive and functional outcomes of terror victims who suffered from traumatic 
brain injury. Brain Inj. 22, 255–263.  
 
8. Levi L., Borovich B., Guilburd J., Grushkiewicz I., Lemberger A., Linn S., Schachter 
I., Zaaroor M., Braun J., and Feinsod M. (1990). Wartime neurosurgical experience in Lebanon, 
1982–85. II: Closed craniocerebral injuries. Isr. J. Med. Sci. 26, 555–558.  
 
9. Hicks R.R., Fertig S.J., Desrocher R.E., Koroshetz W.J., and Pancrazio 
J.J. (2010). Neurological effects of blast injury. J. Trauma 68, 1257.  
 
10. Carr W., Polejaeva E., Grome A., Crandall B., LaValle C., Eonta S.E., and Young 
L.A. (2015). Relation of repeated low-level blast exposure with symptomology similar to 
concussion. J. Head Trauma Rehabil. 30, 47–55.  
 
11. Littlefield P.D., Pinto R.L., Burrows H.L., and Brungart D.S. (2016). The vestibular effects 
of repeated low-level blasts. J. Neurotrauma 33, 71–81.  
 
12. Han K., Mac Donald C.L., Johnson A.M., Barnes Y., Wierzechowski L., Zonies D., Oh 
J., Flaherty S., Fang R., and Raichle M.E. (2014). Disrupted modular organization of resting-
state cortical functional connectivity in US military personnel following concussive ‘mild’ blast-
related traumatic brain injury. Neuroimage 84, 76–96.  
 
13. Vakhtin A.A., Calhoun V.D., Jung R.E., Prestopnik J.L., Taylor P.A., and Ford 
C.C. (2013). Changes in intrinsic functional brain networks following blast-induced mild 
traumatic brain injury. Brain Inj. 27, 1304–1310.  
 
14. Morey R.A., Haswell C.C., Selgrade E.S., Massoglia D., Liu C., Weiner J., Marx 
C.E., Cernak I., and McCarthy G. (2013). Effects of chronic mild traumatic brain injury on white 
matter integrity in Iraq and Afghanistan war veterans. Hum. Brain Mapp. 34, 2986–2999.  
 
15. Rhea C.K., Kuznetsov N.A., Ross S.E., Long B., Jakiela J.T., Bailie J.M., Yanagi 
M.A., Haran F.J., Wright W.G., and Robins R.K. (2017). Development of a portable tool for 
screening neuromotor sequelae from repetitive low-level blast exposure. Mil. Med. 182.  
 
16. Tate C.M., Wang K.K., Eonta S., Zhang Y., Carr W., Tortella F.C., Hayes R.L., and 
Kamimori G.H. (2013). Serum brain biomarker level, neurocognitive performance, and self-
reported symptom changes in soldiers repeatedly exposed to low-level blast: a breacher pilot 
study. J. Neurotrauma 30, 1620–1630.  
 
17. Tate D., York G., Reid M., Cooper D., Jones L., Robin D., Kennedy J., and Lewis 
J. (2014). Preliminary findings of cortical thickness abnormalities in blast injured service 
members and their relationship to clinical findings. Brain Imaging Behav. 8, 102–109.  
 
18. Turner R.C., Naser Z.J., Bailes J.E., Smith D.W., Fisher J.A., and Rosen C.L. (2012). Effect 
of slosh mitigation on histologic markers of traumatic brain injury. J. Neurosurg. 117, 1110–
1118.  
 
19. Smith D.W., Myer G.D., Currie D.W., Comstock R.D., Clark J.F., and Bailes 
J.E. (2013). Altitude modulates concussion incidence: implications for optimizing brain 
compliance to prevent brain injury in athletes. Orthop. J. Sports Med. 1, 2325967113511588.  
 
20. Goeller J., Wardlaw A., Treichler D., O'Bruba J., and Weiss G. (2012). Investigation of 
cavitation as a possible damage mechanism in blast-induced traumatic brain injury. J. 
Neurotrauma 29, 1970–1981.  
 
21. Nakagawa A., Manley G.T., Gean A.D., Ohtani K., Armonda R., Tsukamoto A., Yamamoto 
H., Takayama K., and Tominaga T. (2011). Mechanisms of primary blast-induced traumatic 
brain injury: insights from shock-wave research. J. Neurotrauma 28, 1101–1119.  
 
22. Wu Y.T. and Adnan A. (2017). Effect of shock-induced cavitation bubble collapse on the 
damage in the simulated perineuronal net of the brain. Sci. Rep. 7.  
 
23. Myer G.D., Yuan W., Foss K.D.B., Smith D., Altaye M., Reches A., Leach J., Kiefer 
A.W., Khoury J.C., and Weiss M. (2016). The effects of external jugular compression applied 
during head impact exposure on longitudinal changes in brain neuroanatomical and 
neurophysiological biomarkers: a preliminary investigation. Front. Neurol. 7.  
 
24. Myer G.D., Yuan W., Foss K.D.B., Thomas S., Smith D., Leach J., Kiefer A.W., Dicesare 
C., Adams J., and Gubanich P.J. (2016). Analysis of head impact exposure and brain 
microstructure response in a season-long application of a jugular vein compression collar: a 
prospective, neuroimaging investigation in American football. Br. J. Sports Med. 50, 1276–
1285.  
 
25. Smith D.W., Bailes J.E., Fisher J.A., Robles J., Turner R.C., and Mills J.D. (2011). Internal 
jugular vein compression mitigates traumatic axonal injury in a rat model by reducing the 
intracranial slosh effect. Neurosurgery 70, 740–746.  
 
26. Gu M., Kawoos U., McCarron R., and Chavko M.(2017). Protection against blast-induced 
traumatic brain injury by increase in brain volume. Biomed. Res. Int. 2017, 2075463.  
 
27. Walker J.J., Cleveland L.M., Davis J.L., and Seales J.S. (2013). Audiometry screening and 
interpretation. Am. Fam. Physician 87, 41–47.  
 
28. Martin F.N. and Clark J.G. (2015). Introduction to Audiology. Vol 12. Pearson: London, 
U.K.  
 
29. Shaffer L.A., Withnell R.H., Dhar S., Lilly D.J., Goodman S.S., and Harmon 
K.M. (2003). Sources and mechanisms of DPOAE generation: implications for the prediction of 
auditory sensitivity. Ear Hear. 24, 367–379.  
 
30. Laumen G., Ferber A.T., Klump G.M., and Tollin D.J. (2016). The physiological basis and 
clinical use of the binaural interaction component of the auditory brainstem response. Ear Hear. 
37, e276–e290. 
 
31. Hood L.J. (1998). Clinical Applications of the Auditory Brainstem Response. Singular 
Publishing: Norwich, U.K.  
 
32. Yuan W., Leach J., Maloney T., Altaye M., Smith D., Gubanich P., Barber-Foss K., Thomas 
S., DiCesare C., and Kiefer A. (2017). Neck collar with mild jugular vein compression 
ameliorates brain activation changes during a working memory task after a season of high school 
football. J. Neurotrauma 34, 2432–2444.  
 
33. Friston K.J., Williams S., Howard R., Frackowiak R.S.J., and Turner R. (1996). Movement‐
related effects in fMRI time‐series. Magn. Reson. Med. 35, 346–355.  
 
34. Smith S.M. and Nichols T.E. (2009). Threshold-free cluster enhancement: addressing 
problems of smoothing, threshold dependence and localisation in cluster 
inference. Neuroimage 44, 83–98.  
 
35. Shirer W.R., Ryali S., Rykhlevskaia E., Menon V., and Greicius M.D. (2012). Decoding 
subject-driven cognitive states with whole-brain connectivity patterns. Cereb. Cortex 22, 158–
165.  
 
36. Gallun F.J., Papesh M.A., and Lewis M.S. (2017). Hearing complaints among veterans 
following traumatic brain injury. Brain Inj. 31, 1183–1187.  
 
37. Fausti S.A., Wilmington D.J., Gallun F.J., Myers P.J., and Henry J.A. (2009). Auditory and 
vestibular dysfunction associated with blast-related traumatic brain injury. J. Rehabil. Res. Dev. 
46, 797–810.  
 
38. Wylie G.R., Freeman K., Thomas A., Shpaner M., OKeefe M., Watts R., and Naylor 
M.R. (2015). Cognitive improvement after mild traumatic brain injury measured with functional 
neuroimaging during the acute period. PLoS One 10, e0126110.  
 
39. Newsome M.R., Scheibel R.S., Seignourel P.J., Steinberg J.L., Troyanskaya M., Li X., 
and Levin H.S.(2009). Effects of methylphenidate on working memory in traumatic brain injury: 
a preliminary fMRI investigation. Brain Imaging Behav. 3, 298–305.  
 
40. Newsome M.R., Scheibel R.S., Hunter J.V., Wang Z.J., Chu Z., Li X., and Levin 
H.S. (2007). Brain activation during working memory after traumatic brain injury in 
children. Neurocase 13, 16–24.  
 
41. Newsome M.R., Scheibel R.S., Steinberg J.L., Troyanskaya M., Sharma R.G., Rauch 
R.A., Li X., and Levin H.S. (2007). Working memory brain activation following severe 
traumatic brain injury. Cortex 43, 95–111.  
 
42. Perlstein W.M., Cole M.A., Demery J.A., Seignourel P.J., Dixit N.K., Larson M.J., 
and Briggs R.W. (2004). Parametric manipulation of working memory load in traumatic brain 
injury: behavioral and neural correlates. J. Int. Neuropsychol. Soc. 10, 724–741.  
 
43. McAllister T., Sparling M., Flashman L., Guerin S., Ford J., and Mamourian 
A. (2001). Reduction in episodic memory fMRI circuitry activation is related to traumatic brain 
injury severity. J. Neuropsychiatry Clin. Neurosci. 13, 141.  
 
44. McAllister T.W., Saykin A., Flashman L., Sparling M., Johnson S., Guerin S., Mamourian 
A., Weaver J., and Yanofsky N. (1999). Brain activation during working memory 1 month after 
mild traumatic brain injury: a functional MRI study. Neurology 53, 1300–1308.  
 
45. Westfall D.R., West J.D., Bailey J.N., Arnold T.W., Kersey P.A., Saykin A.J., 
and McDonald B.C. (2015). Increased brain activation during working memory processing after 
pediatric mild traumatic brain injury (mTBI). J. Pediatr. Rehabil. Med. 8, 297–308.  
 
46. Dettwiler A., Murugavel M., Putukian M., Cubon V., Furtado J., and Osherson 
D. (2014). Persistent differences in patterns of brain activation after sports-related concussion: a 
longitudinal functional magnetic resonance imaging study. J. Neurotrauma31, 180–188.  
 
47. Pardini J.E., Pardini D.A., Becker J.T., Dunfee K.L., Eddy W.F., Lovell M.R., and Welling 
J.S. (2010). Postconcussive symptoms are associated with compensatory cortical recruitment 
during a working memory task. Neurosurgery 67, 1020–1028.  
 
48. Lovell M.R., Pardini J.E., Welling J., Collins M.W., Bakal J., Lazar N., Roush R., Eddy 
W.F., and Becker J.T. (2007). Functional brain abnormalities are related to clinical recovery and 
time to return-to-play in athletes. Neurosurgery 61, 352–360.  
 
49. Nauman E.A., Breedlove K.M., Breedlove E.L., Talavage T.M., Robinson M.E., 
and Leverenz L.J.(2015). Post-season neurophysiological deficits assessed by ImPACT and 
fMRI in athletes competing in American football. Dev. Neuropsychol. 40, 85–91.  
 
50. Robinson M.E., Shenk T.E., Breedlove E.L., Leverenz L.J., Nauman E.A., and Talavage 
T.M.(2015). The role of location of subconcussive head impacts in FMRI brain activation 
change. Dev. Neuropsychol. 40, 74–79.  
 
51. Shenk T.E., Robinson M.E., Svaldi D.O., Abbas K., Breedlove K.M., Leverenz L.J., Nauman 
E.A., and Talavage T.M. (2015). FMRI of visual working memory in high school football 
players. Dev. Neuropsychol. 40, 63–68.  
 
52. Talavage T.M., Nauman E.A., Breedlove E.L., Yoruk U., Dye A.E., Morigaki K.E., Feuer 
H., and Leverenz L.J.(2014). Functionally-detected cognitive impairment in high school football 
players without clinically-diagnosed concussion. J. Neurotrauma 31, 327–338.  
 
53. Smits M., Dippel D.W., Houston G.C., Wielopolski P.A., Koudstaal P.J., Hunink M., 
and van der Lugt A.(2009). Postconcussion syndrome after minor head injury: brain activation of 
working memory and attention. Hum. Brain Mapp. 30, 2789–2803.  
 
54. Mu W., Catenaccio E., and Lipton M.L. (2017). Neuroimaging in blast-related mild 
traumatic brain injury. J. Head Trauma Rehabil. 32, 55–69.  
 
55. Newsome M.R., Durgerian S., Mourany L., Scheibel R.S., Lowe M.J., Beall E.B., Koenig 
K.A., Parsons M., Troyanskaya M., and Reece C. (2015). Disruption of caudate working 
memory activation in chronic blast-related traumatic brain injury. NeuroImage: Clin. 8, 543–
553.  
 
56. Scheibel R.S., Newsome M.R., Troyanskaya M., Lin X., Steinberg J.L., Radaideh M., 
and Levin H.S. (2012). Altered brain activation in military personnel with one or more traumatic 
brain injuries following blast. J. Int. Neuropsychol. Soc. 18, 89–100.  
 
57. Matthews S., Simmons A., and Strigo I. (2011). The effects of loss versus alteration of 
consciousness on inhibition-related brain activity among individuals with a history of blast-
related concussion. Psychiatry Res. 191, 76–79.  
 
58. Matthews S.C., Strigo I.A., Simmons A.N., O'connell R.M., Reinhardt L.E., and Moseley 
S.A.(2011). A multimodal imaging study in US veterans of Operations Iraqi and Enduring 
Freedom with and without major depression after blast-related concussion. Neuroimage 54, 
S69–S75.  
 
59. Carr W., Stone J.R., Walilko T., Young L.A., Snook T.L., Paggi M.E., Tsao J.W., Jankosky 
C.J., Parish R.V., and Ahlers S.T. (2016). Repeated low-level blast exposure: a descriptive 
human subjects study. Mil. Med. 181, 28–39.  
 
60. McAllister T.W., Flashman L.A., McDonald B.C., and Saykin A.J. (2006). Mechanisms of 
working memory dysfunction after mild and moderate TBI: evidence from functional MRI and 
neurogenetics. J. Neurotrauma 23, 1450–1467.  
 
61. Hillary F.G., Rajtmajer S.M., Roman C.A., Medaglia J.D., Slocomb-Dluzen J.E., Calhoun 
V.D., Good D.C., and Wylie G.R. (2014). The rich get richer: brain injury elicits 
hyperconnectivity in core subnetworks. PLoS One 9, e104021.  
 
62. Sharp D.J., Beckmann C.F., Greenwood R., Kinnunen K.M., Bonnelle V., De Boissezon 
X., Powell J.H., Counsell S.J., Patel M.C., and Leech R. (2011). Default mode network 
functional and structural connectivity after traumatic brain injury. Brain 134, 2233–2247.  
 
63. Iraji A., Benson R.R., Welch R.D., O'Neil B.J., Woodard J.L., Ayaz S.I., Kulek A., Mika 
V., Medado P., Soltanian-Zadeh H., Liu T., Haacke E.M., and Kou Z.(2015). Resting state 
functional connectivity in mild traumatic brain injury at the acute stage: independent component 
and seed-based analyses. J. Neurotrauma 32, 1031–1045.  
 
64. Bharath R.D., Munivenkatappa A., Gohel S., Panda R., Saini J., Rajeswaran J., Shukla 
D., Bhagavatula I.D., and Biswal B.B. (2015). Recovery of resting brain connectivity ensuing 
mild traumatic brain injury. Front Hum. Neurosci. 9, 513.  
 
65. Johnson B., Zhang K., Gay M., Horovitz S., Hallett M., Sebastianelli W., and Slobounov 
S. (2012). Alteration of brain default network in subacute phase of injury in concussed 
individuals: resting-state fMRI study. Neuroimage 59, 511–518.  
 
66. Mayer A.R., Mannell M.V., Ling J., Gasparovic C., and Yeo R.A. (2011). Functional 
connectivity in mild traumatic brain injury. Hum. Brain Mapp. 32, 1825–1835.  
 
67. Hillary F.G. and Grafman J.H. (2017). Injured brains and adaptive networks: the benefits and 
costs of hyperconnectivity. Trends Cogn. Sci. 21, 385–401.  
 
68. Abbas K., Shenk T.E., Poole V.N., Breedlove E.L., Leverenz L.J., Nauman E.A., Talavage 
T.M., and Robinson M.E. (2015). Alteration of default mode network in high school football 
athletes due to repetitive subconcussive mild traumatic brain injury: a resting-state functional 
magnetic resonance imaging study. Brain Connect. 5, 91–101.  
 
69. Glasstone S. (1964). The Effects of Nuclear Weapons. U.S. Atomic Energy Commission: 
Washington, D.C.  
 
70. Glasstone S. and Dolan P. (1977). Effects of Nuclear Weapons. US Department of Defense 
and US Department of Energy: Washington, D.C.  
 
71. Kubli L.R., Pinto R.L., Burrows H.L., Littlefield P.D., and Brungart D.S. (2017). The effects 
of repeated low-level blast exposure on hearing in marines. Noise Health 19, 227.  
 
72. United States Department of Defense. (1999). Department of Defense Design Criteria 
Standard: Human Engineering. 
http://quicksearch.dla.mil/Transient/CBF0A8A0A5994C2B8F50014E65B23517.pdf. Last 
accessed August 27, 2018.  
 
73. McAllister T.W., Sparling M.B., Flashman L.A., Guerin S.J., Mamourian A.C., and Saykin 
A.J. (2001). Differential working memory load effects after mild traumatic brain 
injury. NeuroImage 14, 1004–1012.  
 
74. Dettwiler A., Murugavel M., Putukian M., Cubon V., Furtado J., and Osherson 
D. (2014). Persistent differences in patterns of brain activation after sports-related concussion: a 
longitudinal functional magnetic resonance imaging study. J. Neurotrauma31, 180–188.  
 
75. Westfall D.R., West J.D., Bailey J.N., Arnold T.W., Kersey P.A., Saykin A.J., 
and McDonald B.C. (2015). Increased brain activation during working memory processing after 
pediatric mild traumatic brain injury (mTBI). J. Pediatr. Rehabil. Med. 8, 297–308.  
 
76. Queckenstedt H. (1916). Zur Diagnose der Rückenmarkskompression. Dtsch. Z. 
Nervenheilkd. 55, 325–333.  
 
77. Teng C., Gurses-Ozden R., Liebmann J., Tello C., and Ritch R. (2003). Effect of a tight 
necktie on intraocular pressure. Br. J. Ophthalmol. 87, 946–948.  
 
78. Davies G., Deakin C., and Wilson A. (1996). The effect of a rigid collar on intracranial 
pressure. Injury27, 647–649.  
 
79. Smith D.W., Bailes J.E., Fisher J.A., Robles J., Turner R.C., and Mills J.D. (2012). Internal 
jugular vein compression mitigates traumatic axonal injury in a rat model by reducing the 
intracranial slosh effect. Neurosurgery 70, 740–746.  
 
80. Sindelar B., Bailes J., Sherman S., Finan J., Stone J., Lee J., Ahmadian S., Zhou Y., Patel V., 
and Smith D.(2016). Effect of internal jugular vein compression on intracranial hemorrhage in a 
porcine controlled cortical impact model. J. Neurotrauma 34, 1703–1709.  
 
81. Yuan W., Dudley J., Barber Foss K.D., Ellis J.D., Thomas S., Galloway R.T., DiCesare 
C.A., Leach J.L., Adams J., Malaney T., Gadd B., Smith D., Epsten J.N., Grooms D.R., Logel 
K., Howell D.R., Altaye M., and Myer G.D. (2018). Mild jugular compression collar ameliorated 
changes in brain activation of working memory after one soccer season in female high school 
athletes, J. Neurotrauma 35, 1248–1259.  
 
82. Dundas-Grant J. (1923). Case of long-standing deafness attributable to falls on the head; 
improvement. Proc. R. Soc. Med. 16, 49–50.  
 
83. Dundas-Grant J. (1923). Case of deafness greatly increased after a fall. Proc. R. Soc. Med. 
16, 48–49.  
 
84. Sindelar B., Shinners M., Sherman S., Novak K., Erickson K., Patel V., Kubilis P., Smith 
D., Finan J., and Bailes J.E. (2017). Internal jugular vein compression: a novel approach to 
mitigate blast induced hearing injury. Otol. Neurotol. 38, 591–598.  
 
